Abstract. The generation mechanism for naturally enhanced ion-acoustic echoes is still debated. One important issue is how these enhancements are related to auroral activity. All events of enhanced ion-acoustic echoes observed simultaneously with the EISCAT Svalbard Radar (ESR) and with high-resolution narrow field-of-view auroral imagers have been collected and studied. Characteristic of all the events is the appearance of very dynamic rayed aurora, and some of the intrinsic features of these auroral displays are identified. Several of these identified features are directly related to the presence of low energy (10-100 eV) precipitating electrons in addition to the higher energy population producing most of the associated light. The low energy contribution is vital for the formation of the enhanced ion-acoustic echoes. We argue that this type of aurora is sufficient for the generation of naturally enhanced ion-acoustic echoes. In one event two imagers were used to observe the auroral rays simultaneously, one from the radar site and one 7 km away. The data from these imagers shows that the auroral rays and the strong backscattering filaments (where the enhanced echoes are produced) are located on the same field line, which is in contrast to earlier statements in the litterature that they should be separated.
Introduction
So-called naturally enhanced ion-acoustic echoes stand out as a significant problem in the understanding of incoherent scatter (IS) radar data. They are easily distinguishable from
Correspondence to: E. M. Blixt (marten.blixt@phys.uit.no) normal thermal back scattering because of the very strong enhancement of one, or both, ion-acoustic shoulders of the returned spectrum (corresponding to an ion-acoustic wave traveling away from, or towards the radar, or both), and their very dynamic appearance. They are different from the strong coherent back scattering from solid objects, such as satellites, as they are smeared out in the field-aligned direction.
The first reported observations of such enhanced ionacoustic echoes stem from the Haystack observatory (Foster et al., 1988) . Similar observations were later made by the EISCAT facilities . Based on observations, three main mechanisms evolved to explain the observations (Sedgemore-Schulthess and St.-Maurice, 2001 ). Two of them are based on streaming instabilities, and rely on strong relative drift between two thermal populations (ion-ion and ion-electron). A third explanation is based on the decay of Langmuir waves (due to a bump-in-tail instability) into a secondary pair of Langmuir and ion-acoustic waves. Very recently, the extremely small temporal and spatial scales of the enhancements were unraveled by Grydeland et al. (2003 Grydeland et al. ( , 2004 by using the two antennas of the EISCAT Svalbard Radar (ESR) as an interferometer. Their results showed that a time resolution of 0.2 s is required to resolve the enhanced radar echoes, and that this scattering can arise in filaments narrower than a few hundred meters in the direction perpendicular to B, even at several hundred kilometers altitude. Evidence that the scattering cross section is increased at least 4-5 orders of magnitude, and that up-and down-shifted echoes can be enhanced simultaneously, are strong support for the Langmuir wave decay model (Grydeland et al., 2003 (Grydeland et al., , 2004 . We explicitly take this model as the working hypothesis for explaining the observed enhanced echoes. Earlier observations suggest that enhanced ion-acoustic echoes are associated with intense red aurora, and are restricted to the boundaries of (stable) auroral arcs Cabrit et al., 1996) , while newer observations indicate that the enhancements accompany rayed aurora and coronal structures. SedgemoreSchulthess et al. (1999) were the first to utilize a highresolution narrow field-of-view imager in their coordinated observations of enhanced echoes at ESR. They noticed that the radar beam can, within a single radar integration period (10 s in that case), be located both outside and inside aurora. They suggest that coronal forms are both necessary and sufficient for the formation of enhanced up-shifted shoulders, and that luminosity within the radar beam is necessary, but not sufficient, to generate enhanced down-shifted shoulders. Grydeland et al. (2004) were the first to resolve fully both the radar enhancements and the aurora. The spatial and temporal resolution of the earlier observations (before 1999) are very limited, considering the newer findings that the enhancements are varying on a subsecond time scale, and that the aurora is very dynamic. Such active aurora cannot be studied properly using photometer measurements of 630 nm emissions , all-sky imagers , or EISCAT estimates of auroral position (Cabrit et al., 1996) .
Instrumentation

Radar
The EISCAT Svalbard Radar (ESR), situated at 78 • 9' N, 16 • 2' E, is described by Wannberg et al. (1997) . Four events have been analysed from dates listed in Table 1 . Different radar programs were used in each, all looking in the fieldaligned direction. During events 1 and 2, a long pulse program, gup0, was used. Standard EISCAT signal handling was in use, which dumps raw data in pre-integrated 10-s packages. For event 3, the gup0 program was used, with an additional receiving system, the MIDAS-W receiver (Holt et al., 2000) , in operation. This samples and stores the signal directly (without any pre-integration) on a large hard disc. This technique allows the received signal to be analysed at very high temporal resolution (in theory limited by the pulse length of the transmitted pulse). For event 4, a specially designed long pulse program, lt1h, was used. This is a combined ion-line/plasma-line program, designed specifically for a MIDAS-W type receiver for the ion-lines. This program has a very large range coverage, from about 300 to 1600 km, which was chosen to investigate the height regime of enhanced ion-acoustic echoes.
Imager
The different events used different imaging facilities. The common features of these are that they all record in standard video (digital and analog) format, they use imageintensifiers, fiber-optically coupled to the CCDs (Charge Coupled Device) to achieve the highest possible sensitivity, and the camera units are equipped with standard C-mount lens adaptors so that a wide range of lenses can be used. The response of the imagers varies with wavelength, so that absolute brightness of auroral emissions cannot be determined. In most of the events, cutoff filters have been used to eliminate long-lived emissions.
Events 1-3 were covered by the University of Calgary Portable Auroral Imager (PAI) located at the Auroral Station in Adventdalen, about 7 km north of ESR, at 78 • 12' N, 15 • 50' E. The camera was pointed towards the magnetic zenith. For events 1 and 2 a lens with a field-of-view of 15 • ×12 • was used. A 675 nm-cutoff filter was mounted to suppress the slow 630 nm-(red) emission and focus on the prompt N 2 and N + 2 emissions. For event 3, a shorter lens with a viewing angle of about 31 • by 23 • , without cutoff filter, was used.
During event 4 (and X), two imagers were used. The Spectrographic Imaging Facility (SIF) is a platform of instruments at the Auroral Station run by University of Southampton and University College, London, and includes the narrow angle imager 12 • ×16 • used here (Lanchester et al. (2003) ). The Optical Digital Imager (Odin) of University of Tromsø is a new imager mounted at the ESR site. As these are the first reported observations from this imager, more detail is given here. The core of the imager is a video camera (XYBION ISS-750), where a Generation 3 extended blue image intensifier (64 line-pairs/mm) is used. The CCD has 756×581 pixels on 8.32×6.29 mm 2 , and a full well capacity of about 100 kilo-electrons per pixel. The camera outputs a standard PAL video signal, 25 frames/s, with a resolution of 525 horizontal lines. The video signal is digitized in real time and converted Fig. 1 . Typical images from three of the events, and a fourth image, in the lower right frame, which shows a coronal aurora from event X with no associated enhanced ion-acoustic echoes. The upper left frame is from event 1, the upper right from event 3, and the lower left frame from event 4.
to the (PAL) DV standard and stored on DVCAM tapes using a SONY DSR-1500P digital video recorder. A F0.95 50-mm lens was mounted, yielding a 14.3 • ×10.9 • field of view. On both imagers a 650-nm cutoff filter was used.
Observations
Only four of all events known to the authors (out of a total of more than 300 h of observations) are found to have observations of enhanced ion-acoustic echoes when the sky was clear and high-resolution narrow field-of-view auroral imagers were operating. These are presented in Table 1 . These auroral sightings are compared with an additional event (event X in Table 1 ) where coronal aurora was observed, but no enhanced ion-acoustic echoes. They all occur in the pre-noon (MLT) sector. Selected images from three of the events, plus one from the additional event, are shown in Fig. 1 .
The geophysical background is similar for all events, with moderate activity (K p is 3, 3, 3, and 4, respectively), and all observations are made in the proximity of the cusp. In all events, the meridian scanning photometer (MSP) show strong red emissions moving north, associated with softparticle precipitation. In events 1 and 2, the radar is situated slightly south of this dominant red region, while for events 3 and 4 it is within it. The poleward moving red aurora is clearly seen in the top panel of Fig. 2 .
Radar observations
In events 1 and 2, there are significant changes between each 10-s data dump, indicating that the physical mechanism is acting on a time scale much shorter than 10 s, but it is active for 20 to 30 s.
The activity in the enhanced ion-acoustic echoes for event 3 is shown in Fig. 1 in Grydeland et al. (2003) , and is not repeated here. As in events 1 and 2, this lasts for about 20 s, but the high time resolution allows the dynamics to be fully resolved (Grydeland et al., 2004) . During event 4, the radar program (lt1h) covered a slightly different range regime, observing also at much greater altitudes than earlier, at the expense of lower range resolution. No ion-acoustic shoulders were observed to be enhanced above 1400 km in that event, and very few even at 1200 km. The middle spectra in Fig. 4 shows one of the highestreaching enhanced shoulders during that event. The upper panel of Fig. 3 shows the evolution of the power (per unit frequency), for two different range regions and for up-/downshifted ion-acoustic shoulders, in time (arbitrary units). The event covers approximately 40 s, and similar to event 3, the activity of the enhanced shoulders is more pronounced and powerful in the upper height regime (above 550 km), while the background level is much higher at lower altitudes. As in event 3, enhancements observed below 550 km are always simultaneous with (small) enhancements above 550, but quite often enhancements are observed above 550 km and not below it. In event 3 and 4 the down-shifted shoulder is also generally more strongly enhanced than the up-shifted in the higher range regime, but the two shoulders are similarly enhanced at lower ranges. However, the enhancements are less intensive in event 4 than in event 3.
Two typical enhanced echoes from events 3 and 4 are shown in Fig. 4 , together with the normal thermal spectrum observed during event X.
Imager observations
The rapidly moving rays in the four events are very different from arcs in which rays form part of a curtain and are more stable (Jussila et al., 2003) . Crude estimates yield horizontal velocities of several km/s when mapped to an altitude of 105 km. Another significant feature we observe is the occurrence of patches of enhanced luminosity in the rays that almost move independent of the rays. The enhanced luminosity moves from ray to ray, and also along the rays. In these very luminous parts the imagers are easily saturated, thus losing contrast and the possibility of identifying individual rays. Sometime these luminous parts move up and down in a semi-periodic way as if the rays are "pumping" (approximately around 5 Hz, which corresponds roughly to flickering aurora).
A third important signature is how very clear the rays and structures appear in the images, which makes it likely that they stem from prompt emissions. This is further emphasized by the fact that event 3 was observed in white light, while cutoff filters that remove the slow 630-nm emissions were used in the others. Still the rays appear very distinct. Because the sensitivity of the imagers is decreasing rapidly in the near-infrared part of the spectrum, the emissions seen are most likely from the prompt N 2 (first positive) and N A significant feature in event 3 is the appearance of socalled flaming aurora (Scourfield and Parsons, 1969; Cresswell, 1969; Omholt, 1971) . This is a p 2 type pulsating aurora where surges of luminosity move up along the magnetic field, and thus converge in the magnetic zenith. They are usually attributed to significant energy dispersion in the precipitating electron population, where the higher energy electrons reach the ionosphere first, and penetrates deeper, while the lower energy particles are stopped at higher altitude. If the acceleration process is limited in time, then as the luminosity disappears at low altitude, it remains for a brief time at higher altitude, and the whole ray seems to be drawn out from the ionosphere. The flaming appearance can be considered a special case of the "pumping" effect seen in all the events, but where the dispersion is more pronounced. The scale of the structures and the signatures of a mixed energy content in the precipitating electrons all indicate that the aurora is not due to a large inverted-V event. This conclusion, and why it may be important for the generation of enhanced radar echoes is further discussed in Sect. 4.
The position of the radar beam in the imager field-of-view can be determined for a given height (here 105 km is used). The total luminosity within this circular region of each image (in-beam luminosity) can be used in comparative studies of radar and optical signatures. In event 4 two imagers were used. The in-beam luminosities from these are shown in the lower panel of Fig. 3 , where the dashed line is from the SIF imager at the Auroral Station and the solid line is from the Odin imager at the ESR site. The ESR site was slightly obscured by thin cloud, but the aurora could be seen through it. The periodic spike in the luminosity from the Odin imager is caused by a warning light at the entrance to the ESR site. The in-beam luminosity from the SIF imager (dashed line) shows much more activity than the Odin imager, which could be partially due to the thin cloud cover above the ESR site which filters out weak auroral emissions. Another difference is that the dashed line follows more closely the activity of the power in the up-shifted shoulder at altitudes above 550 km, while the solid line is more similar to the evolution in power of both shoulders at altitudes below that.
The auroral display from event X is just as active as the others, but the structures in the aurora are more diffuse, and no distinct ray structures moving rapidly could be identified, nor any pulsations or flaming aurora.
Based on the above observations we use the following 3 signatures to characterize the aurora present during enhanced ion-acoustic echoes: Three spectra received at the ESR. At the top is an enhanced spectra from event 3, and in the middle is an enhanced spectra from event 4. The third spectra at the bottom is a normal thermal spectrum from event X, when no enhancements were observed at all. Images from the auroral imagers taken during the same times are shown in Fig. 1 . The data has not been background subtracted or corrected for attenuation with range squared.
1. Very dynamic rayed aurora, with apparent horizontal motion of rays at 105 km altitude of several km/s.
Further studies on these dynamic rays must be performed, and more quantitative signatures must be isolated to aid the identification of events similar to those reported here.
Discussion
The following discussion consists of two topics: 1) that enhanced ion-acoustic echoes are associated with dynamic rayed aurora, and 2) that the scattering region (causing the enhanced radar spectrum) is on the same field line as the auroral rays, or very close. Red auroral emissions are seen in the MSP data during all the events. This is also a characteristic of earlier observations of enhanced ion-acoustic echoes from EISCAT Tromsø. For example, Collis et al. (1991) report the passage of a strong rayed red aurora during their observations, and locate the enhanced echoes at the borders of this aurora. Whether such reports have enough time resolution to determine the full dynamics of the event, so that the aurora and the enhanced echoes really can be separated, is not known. Without the high-resolution imagers used in this report, the auroral activity could simply have been interpreted as poleward moving red auroral forms. All the earlier observations were made on the mainland, while all the events presented here are from the 06:00-07:00 UT interval on Svalbard (high magnetic latitude). Therefore, the two sets of observations are very different in context. Rietveld et al. (1996) showed there was a minimum in the occurrence rate in the morning hours (UT) for the mainland observations of enhanced echoes, and a maximum in the afternoon/evening, and that the echoes were preferably found during geomagnetically disturbed times. However, recent statistical studies by Marklund (2001, 2002) and Neubert and Christiansen (2003) shows that small-scale activity (Alfvén wave activity and small-scale field-aligned currents) are preferably found in the cusp/cleft region, and during periods of high geomagnetic activity, also in the premidnight sector at lower magnetic latitude. Thus, although the setting is very different between mainland observations in the premidnight sector and Svalbard observations in the prenoon sector, the geophysical setting, in the form of small-scale activity, can be very similar.
Auroral rays and enhanced radar echoes
Sedgemore-Schulthess et al. (1999) claimed that coronal forms were necessary and sufficient for the formation of enhanced up-shifted shoulders. Event X, where coronal forms are present, but there are no enhanced echoes, shows that that is not the case.
For the formation of enhanced ion-acoustic echoes from the Langmuir wave decay model (Forme, 1993 (Forme, , 1999 , a "seed" high energy population (high compared to the thermal plasma) is needed (to initiate the Langmuir turbulence from a bump-in-tail instability). For the ESR radar, at 500 MHz, the initial seed population must have an energy of 10-100 eV (Forme, 1993) . This energy level is very low when compared to the typical energy of precipitating electrons (several keV). Thus, it is important that the precipitating population have a low energy component. The very nature of the observed aurora indicate that there are precipitating sub-keV electrons. Ray structures in aurora are closely associated with electron density profiles produced by a precipitating population with Maxwellian energy spectrum, rather than that of a monoenergetic beam (Ivchenko et al., 2004) .
Alfvén wave acceleration of electrons is generally believed to cause the small-scale structures observed in aurora (Stasiewicz et al., 2000) , and the observed aurora carries many signs of an Alfvénic acceleration (i.e. small scales and dynamic). Furthermore, dispersive Alfvén waves give rise to so-called suprathermal electron bursts, where the precipitating electron energy may extend up to 1 keV (Andersson et al., 2002) . Flaming aurora is another indicator that there is a mixture between high and low energy precipitating electrons.
Thus, we argue that the acceleration mechanisms for dynamic rayed aurora is of an Alfvénic type, which generates a significant number of lower energy electrons, in addition to the main bulk of high energy precipitating electrons. This low energy component (in this case, 10-100 eV) is vital for the formation of Langmuir turbulence in the upper ionosphere. Hence, the active rayed aurora is sufficient for enhanced echoes, but not necessary. Other mechanisms might yield the necessary (10-100 eV) electron beams that could generate Langmuir turbulence.
Localisation of scattering region vs. auroral rays
From earlier observations on the mainland, we know that the occurrence rate of enhanced echoes increases with height above 250 km, and maximizes at 500 km (Rietveld et al., 1996) . Our observations stretch further out, and do not fit with the above observations. Instead, the observations in Fig. 3 show more enhanced echoes at altitudes above 500 km. Grydeland et al. (2003) showed that the coherent structures causing the enhanced echoes are extremely thin and filamented. As shown in Fig. 5 , a structure within the radar beam at 800 km (B) may be situated 7 to 10 km outside the beam at 100 km altitude, because of the angular width of ∼1.3 • of the radar beam. This can in part explain why the occurrence rate increases with range.
When viewing along the radar beam, from the Odin imager mounted at the ESR site, the in-beam luminosity would correlate with enhanced echoes observed both at low and high altitudes, if we assume that auroral rays and enhanced echoes occur on the same (or two very close) field line(s). This is the situation outlined in Fig. 5 , by the red (the strong backscattering region) and green (auroral ray) structures under A. However, a structure only observed at high altitudes is not expected to correspond to any in-beam luminosity, as seen by the structures under B.
Furthermore, when the imager and radar are separated by several kilometers, there is an ambiguity in interpreting the optical signatures. The dotted line in Fig. 5 shows that there might be contributions to the measured light intensity from structures behind, but at higher altitudes (as well as from in front at lower altitudes). We can use this to our advantage; in situation B (in Fig. 5 ) there will be a correlation between high altitude enhancements and in-beam luminosity when seen from the off-radar imager, but not for the imager colocated with the radar.
In order to study this effect in the time series shown in Fig. 3 , we have calculated the cross-correlation coefficient of the in-beam luminosity of the Odin imager (at ESR) and the power received by the radar at the peak of the ion-acoustic shoulder. Figure 6 shows the result. This is compared with the same analysis using the SIF imager data, shown in Fig. 7 . Because the time series are only 45 s long, peaks in the crosscorrelation coefficient at time lags greater than ±10 s have very low statistical significance.
As can be seen directly, the view from the Odin imager, Fig. 6 correlates better with the lower altitude radar power (dashed lines) than does the SIF imager (Fig. 7) . In contrast, the SIF imager in-beam luminosity has a much better correlation with the high altitude received radar power, than does the Odin imager, especially for the down-shifted line (compare the red solid lines in Figs. 6 and 7) . Thus, the activity of the auroral rays and enhanced scattering is aligned along a field line. A similar analysis, as shown in Fig. 6 , was performed, using instead the luminosity within a ring surrounding the radar beam (with an outer radius twice that of the radar beam). If there was an offset between the scattering filament and the auroral ray, then the resulting correlation would be stronger than the result in Fig. 6 . However, the resulting cross-correlation coefficients of such an analysis, although similar to that in Fig. 6 , are about 5% lower. This further supports the conclusion that the strong backscattering filaments are on the same field lines as the auroral rays, although at a much higher altitude (they can be separated by as much as 800-1000 km in altitude).
Conclusions
All known observations of enhanced ion-acoustic echoes which were coordinated with high-resolution narrow fieldof-view optical imagers have been reviewed. The four radar enhancement events last from 20 to 40 s, but with large variations in the degree of enhancement within that interval. The auroral display during all the events shows a striking similarity, with pulsating and flaming auroral rays moving rapidly across the field-of-view, in addition to strong red emissions in the background.
Three signatures of the dynamic rayed auroral displays were used to identify similar events.
1. Rays which move fast, up to several km s at 105 km altitude, in the horizontal direction.
2. Individual rays that are distinct, even when observed in white light.
3. Patches of enhanced luminosity which move independently of the rays, giving rise to the visual appearance of "pumping" and "flaming".
The strong correspondence between enhanced ion-acoustic echoes and dynamic rayed aurora suggests that they are intimately linked. The small-scale and fast movements in the auroral display indicates that Alfvénic acceleration mechanisms are important. This, together with the extended altitude coverage of auroral rays and the red background emissions, shows that there is a significant part of low energy (sub keV) electrons among the precipitating electrons. This low energy part is proposed to be a key component to the generation of enhanced ion-acoustic echoes via a nonlinear wavedecay of Langmuir waves (Forme, 1993) . Earlier observations have shown that enhanced ionacoustic echoes are related to (stable) red arcs, preferentially located on the edge of the arc. Such characteristics are inconsistent with the four reviewed events, because of their very dynamic structure. Simultaneous observations of auroral rays from two optical imagers separated by 7 km, shows that the strong backscattering filaments are located on the same field line as the auroral rays, and not on the edge of an auroral arc. Topical Editor M. Lester thanks P. Janhunen and V. Howells for their help in evaluating this paper.
